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Color duplex ultrasonography, which combines
color Doppler imaging with Doppler spectral analy-
sis, has been extensively used for the quantification
of lower limb arterial stenoses.1-3 Because of fre-
quency aliasing and sensitivity to background noise,
attempts to use color Doppler imaging to create a
reliable anatomic image have not been successful. It
is mainly used to position the Doppler sample vol-
ume for Doppler spectral analysis to quantify
stenoses. The accuracy of color duplex ultrasonogra-
phy is widely recognized, but the results of some
studies indicate that Doppler spectral analysis is less
sensitive and accurate for stenosis quantification
when there are multisegmental arterial stenoses in
lower limbs.4,5 This can be attributed to the fact that
the Doppler spectral waveform and the maximum
velocity measured at one stenosis are modified by
the presence of other stenoses in the proximal or the
distal arterial segments.
Another ultrasound imaging method, power
Doppler imaging, provides angiographic-like images
of the flow lumens. Instead of displaying the mean
Doppler frequency shift as in color Doppler imag-
ing, power Doppler imaging displays the integrated
power of the Doppler signal.6 Because the power of
the background noise is lower than that of the flow
signal, the noise is represented as a homogeneous
background color, increasing the dynamic range and
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substantially increasing the sensitivity to blood flow.
Because Doppler power backscattered from blood
mainly depends on the number of red blood cells
within the Doppler sample volume, power Doppler
imaging is nearly independent of Doppler angle and
flow velocity,7 which assists in perceiving vessel con-
tinuity. For these reasons, power Doppler imaging is
a useful technique for mapping the arterial lumen,
and it can be called power Doppler angiography.
Commercial ultrasound systems can only provide
two-dimensional (2D) images, which limits stenosis
assessment. In this study, we tried to use power
Doppler imaging to create accurate blood vessel
cross-sectional images that can then be reconstruct-
ed into accurate three-dimensional (3D) power
Doppler angiograms, which are used to locate and
measure the severity of stenoses. The 3D power
Doppler angiography has been used to image the
vasculature of the prostate, liver, spleen,8 kidney,8,9
and placenta.9 Because power Doppler angiography
directly maps the flow lumen, it should not be
affected by the presence of multisegmental arterial
stenoses. The purpose of this study was to investi-
gate the evaluation of in vitro multiple stenoses with
3D power Doppler angiography.
METHODS
Two types of stenotic artery phantoms were built;
one was based on a porcine artery, and the other was
based on a wall-less lumen in agar. The porcine artery
phantom was used to reflect the almost true clinical
situation, and the wall-less lumen phantom was used
to reduce the imaging artifact due to wall attenua-
tion. Each arterial phantom was composed of a
Plexiglas box containing a tissue mimic composed of
a water and agar gel10 and a stenotic porcine artery
or an agar lumen. Glycerol (8%) was added to the 
tissue mimic to increase its acoustic velocity to that 
of real tissue, and 3% 50 m m cellulose ultrasound-
scattering particles (S-5504 Sigmacell, Sigma-Aldrich
Canada Ltd., Oakville, Ontario, Canada) were added
to provide an acoustic attenuation equivalent to that
of tissue. For the porcine arterial phantom, sequen-
tial stenoses were created by partially tying the artery
with nylon tapes, fixing it in formalin for 12 hours,
and mounting it in a Plexiglas box with flow connec-
tors. The box was then filled with molten tissue
mimic. Two of these porcine artery phantoms were
built; one had relatively long stenoses with a nonob-
structed mean diameter of 13.8 mm (measured from
the 3D B-mode image as discussed later), and anoth-
er one had relatively short stenoses with a nonob-
structed mean diameter of 12.8 mm.
The wall-less agar lumen phantom was built to
study the influence of a proximal stenosis, a distal
stenosis, and proximal and distal stenoses on a cen-
tral stenosis with known geometry. The central
stenosis was a wall-less agar lumen containing a
stenosis of 20 mm long. This center stenosis was
formed by pouring the molten tissue mimic around
two brass rods jointed at two tapered ends and then
removing the two rods from both sides after the tis-
sue mimic set. Each brass rod had a diameter of 7.96
mm, which is similar to that of femoral artery. The
tapered ends has a cosine shape as described else-
where.7 Silicone tubes with the same inner diameter
as the agar lumen were connected to the central
stenosis, and specially designed strangling devices, as
described elsewhere,11 were used to form the proxi-
mal and distal stenoses with 70% area reduction. For
this study, two wall-less agar stenosis models were
made; one had an 80% area reduction, and the other
had a 50% area reduction. For each wall-less steno-
sis, the following three adjacent stenosis conditions
were created and tested: with a proximal stenosis,
with a distal stenosis, and with a proximal and a dis-
tal stenosis. The distance between the proximal or
the distal stenosis and the central wall-less stenosis
was 10 tube diameters (79.6 mm). After the tissue
mimic sets, it does not absorb water, and the phan-
toms were kept in a water bath. Because we used the
high-strength agar (A-6924), the formed wall-less
lumen had the exact geometry of the brass rod. The
shape of the brass rod was equalled the true geome-
try of the stenosis.
A blood-mimicking fluid composed of a solution
of 70% water and 30% glycerol (viscosity of 3.5 cp)
was used in this study. Cornstarch was added at 10
g/L to provide ultrasound-scattering particles. A
centrifugal pump (Biomedicus 540, Medtronic,
Minneapolis, Minn.) connected with a custom-
made, computer-controlled pulsatile apparatus was
used to circulate the blood mimic through the phan-
toms in steady and pulsatile flows. The pulsatile
apparatus included two rotors that periodically
squeezed the circulation rubber tube when pulsatile
flow was required. For the porcine artery phantoms,
flow rates of 10, 15, 20, 25, and 30 ml/sec (mean
flow rate for steady flow and peak flow rate for pul-
satile flow) were used. For the wall-less phantoms,
flow rates of 5, 7.5, 10, 12.5, and 15 ml/sec were
used. In steady flow, these flow rates correspond to
flow velocities through the nonobstructed wall-less
lumen between 10 and 30 cm/sec.
We used an ATL Ultramark 9 HDI ultrasound
system (Advanced Technology Laboratories, Bothell,
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Wash.) with a 38 mm aperture linear array probe. The
probe was operated at 10 MHz for B-mode imaging
and 6 MHz for power Doppler imaging. A gray-scale
was selected in this study to map the Doppler power.
A color gain of 65% was selected to optimize the 2D
power Doppler images visually. The pulse repetition
frequency and the wall filter were set to 1500 and 50
Hz, respectively. The persistence level (i.e., number of
video frames averaged) was 5, providing a good vessel
lumen contour depiction. These imaging parameters
were kept unchanged throughout the experiments.
A 3D ultrasound imaging system developed at
The John P. Robarts Research Institute12 and pro-
duced by Life Imaging Systems Inc. (London,
Canada) was used to perform 3D power Doppler
angiography. This system includes a PowerPC 8500
computer and a motor-driven translation assembly
to move the ultrasound probe. The linear array
probe was mounted on the translation assembly with
a Doppler angle of 70 degrees. Water was used to
couple the probe to the tissue mimic. For each
porcine artery and for each flow rate, 250 contigu-
ous 2D power Doppler images, 0.25 mm apart, were
acquired while translating the probe along the artery
to scan a distance of 62.5 mm. Every 2D image had
the dimensions of 192 · 250 pixels with the resolu-
tion of 8 bits/pixel. Working in zoomed mode of
the ultrasound system, the resulting voxel dimen-
sions in the x, y, and z directions were calibrated and
found to be 0.123 mm · 0.109 mm · 0.25 mm. For
each wall-less stenosis under evaluation, 180 con-
tiguous 2D power Doppler images, also 0.25 mm
apart but having the dimensions of 160 · 200 pix-
els, were acquired for each combination of the prox-
imal and distal stenoses at every flow rate. The voxel
dimensions for the wall-less lumens in the x, y, and z
directions were 0.084 mm · 0.076 mm · 0.25 mm.
The time to acquire these 2D images was less than 1
minute. Because power Doppler imaging is nearly
flow velocity independent and a high persistence was
used, the power Doppler image was relatively con-
stant, and flow gating was not used when the flow
was pulsatile.
The 3D reconstruction was performed on each
set of 2D images by shearing to compensate the
Doppler angle to generate a 3D volume using the
same computer. A texture mapping technique was
used to display the 3D power Doppler angiograms.
For each porcine artery, a 3D B-mode image was
generated with a zero flow rate. Successive cross-sec-
tional areas of the flow lumen for each artery were
measured on the 3D B-mode image by planimetry
with facilities of the 3D display software at an incre-
ment of 2 mm along the artery. These measurements
were repeated four times for each 3D B-mode
image. For each 3D power Doppler volume, the
cross-sectional flow area was computed at every 2D
slice (0.25 mm apart) perpendicular to the arterial
axis by counting the pixels corresponding to the
flow field with a threshold of 25% of the maximum
value of the power map to separate the flow field
from background noise. This analysis was performed
for every flow rate under steady and pulsatile flow
conditions. Mean flow areas were calculated by aver-
aging the flow areas of all the flow rates tested. The
measured mean cross-sectional flow areas from 3D
power Doppler angiograms were plotted with those
from 3D B-mode images.
Because the true geometry of the wall-less
stenoses were known (i.e., geometry of the brass
rods), their true cross-sectional areas were used as
references. At each proximal and distal stenosis con-
dition, the cross-sectional flow areas of the wall-less
stenosis were calculated by pixel counting for each
flow rate. The mean flow areas calculated as
described previously were plotted along the lumen
axis with the true areas for comparison. We also
measured the cross-sectional flow areas of the wall-
less stenoses and the areas of prestenotic lumen by
planimetry. The percentage of area reduction was
computed as the ratio of the minimum flow area at
the stenosis to the maximum prestenotic flow area.
For each proximal and distal stenosis combination,
the mean percent of area reduction was computed
by averaging the results of all the flow rates.
RESULTS
Figs. 1 and 2 show the 3D B-mode images and
power Doppler angiograms of the porcine arteries
with short and long multiple stenoses generated
with a steady flow of 25 ml/sec. Visual inspection of
all B-mode images and power Doppler angiograms
obtained for the different flow rates tested strongly
suggests that performance of 3D power Doppler
angiography is not affected by the presence of mul-
tiple stenoses. The low power in the two stenoses in
Fig. 1B resulted from the acoustic shadowing pro-
duced by the nylon tapes used to create the stenoses;
we neglected to remove them before pouring the tis-
sue mimic. Because the nylon tapes used to create
stenoses used for Fig. 2 were removed after fixing
the artery in formalin and before pouring the tissue
mimic, there is no power attenuation in the two
stenoses in Fig. 2B.
Fig. 3 shows the 3D power Doppler angiograms
of the 80% and 50% stenotic wall-less lumens gener-
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ated with a pulsatile flow having a peak flow rate of
15 ml/sec. The power Doppler angiograms are not
sensitive to the flow variation, because no flow gating
was used to acquire the 2D images that were used to
form these 3D angiograms. Fig. 4 shows the 3D
power Doppler angiograms of the central 80% steno-
sis generated with a steady flow of 10 ml/sec for dif-
ferent conditions of proximal and distal stenoses. In
Fig. 4A through 4D, no difference can be observed
in the appearance of the central stenosis.
Fig. 5 plots the mean cross-sectional flow area
against a length of the porcine artery with multiple
stenoses. The top, solid curve represents the cross-
sectional flow areas measured from 3D power
Doppler angiograms, and the open circles, with
error bars for one standard deviation, represent
those from 3D B-mode images. The bottom curve
of each panel corresponds to one standard deviation
of the mean areas measured from 3D power Doppler
angiograms. Fig. 5A corresponds to the short
stenoses and Fig. 5B to the long stenoses. These
results are for steady flow, but the pulsatile flow
experiments provided almost identical results. The
cross-sectional flow areas obtained from 3D power
Doppler angiograms (top, solid curve) are in good
agreement with those obtained from 3D B-mode
images (open circles).
Fig. 6 was obtained with pulsatile flow condition
and shows the measured mean cross-sectional flow
areas (top, solid curve) from 3D power Doppler
angiograms of the 80% stenotic wall-less lumen, with
the true areas plotted as dashed curves. The solid
curve at the bottom of each panel represents one
standard deviation of the mean area. The panels cor-
respond to the conditions of no proximal and distal
stenosis (Fig. 6A), one proximal stenosis (Fig. 6B),
one distal stenosis (Fig. 6C), and one proximal and
one distal stenosis (Fig. 6D). No difference can be
seen from Fig. 6A through 6D, indicating that the
presence of multiple stenoses does not seem to affect
the performance of 3D power Doppler angiography.
From the solid curves at the bottom of the panels, it
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Fig. 1. Three-dimensional (3D) B-mode image (A) and
3D power Doppler angiogram (B) of the porcine artery
with short stenoses. A steady flow of 25 ml/sec was used
to generate the 3D power Doppler angiogram.
Fig. 2. Three-dimensional (3D) B-mode image (A) and
3D power Doppler angiogram (B) of the porcine artery
with long stenoses. A steady flow of 25 ml/sec was used
to generate the 3D power Doppler angiogram.
Fig. 3. Three dimensional (3D) power Doppler angio-
grams of the wall-less agar lumen show an 80% area reduc-
tion stenosis (A) and a 50% area reduction stenosis (B).
Pulsatile flow with a peak flow rate of 15 ml/sec was used
to generate these two 3D angiograms.
A
A
A
B
B
B
can be seen that the values of standard deviation are
larger in the zones proximal and distal to the steno-
sis; this results from the wall filter that removed the
Doppler power of low flow velocities in these zones.
Although not shown here, the pulsatile flow experi-
ments demonstrated similar results.
Table I shows the measured flow area reduction
for wall-less agar stenotic lumens at different flow
conditions and for different combinations of proxi-
mal and distal stenoses. The presence of multiple
stenoses does not affect stenoses quantification by
using 3D power Doppler angiography. Steady and
pulsatile flow conditions provide almost identical
results; on average, the 80% stenosis was measured as
a 70% stenosis (–10% area reduction error), and the
50% stenosis was quantified as a 46% stenosis (–4%
area reduction error).
DISCUSSION
For patients with symptoms and signs of lower
limb arterial occlusive disease, segmental blood pres-
sure measurements provide a rough estimate of the
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Fig. 4. Three-dimensional power Doppler angiograms of
the central stenosis with an 80% area reduction generated
with a steady flow of 10 ml/sec. A, Without proximal and
distal stenoses. B, With a 70% proximal stenosis. C, With
a 70% distal stenosis. D, With proximal and distal stenoses
of 70%.
Fig. 5. Cross-sectional flow areas are plotted against the
length of the porcine artery for short multiple stenoses
(A) and long multiple stenoses (B). The top, solid curve
represents the mean area obtained by averaging five 3D
power Doppler angiograms generated for five steady flows
with flow rates of 10, 15, 20, 25, and 30 ml/sec. The bot-
tom, solid curve corresponds to one standard deviation of
these means. Cross-sectional areas estimated from 3D B-
mode images are shown as open circles, and the error bars
represent one standard deviation.
Table I. Measured cross-sectional area reduction of wall-less agar stenotic lumens for steady and pulsatile
flow.
Area reduction (%)
80% Stenosis 50% Stenosis
Steady flow Pulsatile flow Steady flow Pulsatile flow
NO 68.8 ± 3.7 70.0 ± 3.0 45.6 ± 1.2 45.0 ± 2.5
P 70.6 ± 2.1 70.8 ± 2.3 47.4 ± 2.1 47.6 ± 1.2
D 69.0 ± 2.3 69.8 ± 2.3 46.4 ± 1.5 46.0 ± 1.6
P+D 70.0 ± 1.9 70.4 ± 3.4 47.6 ± 2.8 46.8 ± 0.8
NO, Without proximal and distal stenoses; P, with a proximal stenosis of 70% area reduction; D, with a distal stenosis of 70% area reduc-
tion; P+D, with proximal and distal stenoses of 70% area reduction.
A
B
C
D
A
B
severity of the disease and the occlusion locations.
This information is used to divide patients into two
groups on the basis of “inflow,” or iliac disease, and
“outflow,” or femoropopliteal disease.13 However,
pressure measurement does not accurately quantify
the severity of stenoses and does not provide the
length of diseased segment and the anatomic loca-
tion of the disease. This information is essential for
designing limb-salvaging operations, because the
therapeutic options available to patients with symp-
tomatic lower limb arterial occlusive disease depend
on the underlying anatomy.
Conventional contrast angiography has provided
the anatomic information necessary to plan vascular
interventional therapy. However, this technique is
invasive, requiring injection of iodinated contrast and
exposing the patients to radiation risks. Multiple
occlusions can block the distribution of contrast,
thereby failing to opacity patent distal vessels.14
Because of arbitrary selection of the 2D imaging
plane, quantification of stenoses using contrast
angiography may be inaccurate. Magnetic resonance
angiography can produce 3D images of vascular
lumen geometry,15 but its performance in imaging
arterial stenoses is limited by the signal loss caused by
the flow turbulence encountered in stenotic jets,16
leading to an apparent interruption of the vessel and
erroneous quantification of the true diameter and
length of the occlusive lesion. Although Doppler
spectral analysis has been used in some medical cen-
ters to replace x-ray angiography to diagnose stenoses
and to plan surgery, the presence of multisegmental
stenoses decreases the diagnostic power of the
Doppler spectral analysis. A 3D morphologic descrip-
tion of the artery generated by 3D power Doppler
angiography can help surgeons and interventionalists
to delineate diseased vessels for bypass procedures and
to identify stenoses amenable to angioplasty.
By using the velocity ratio as a discriminant fea-
ture, Allard et al.11 demonstrated that a shorter dis-
tance between a proximal or a distal stenosis and the
stenosis being assessed has more effect on the diag-
nostic accuracy than a longer distance. With a dis-
tance between stenoses of only 10 vessel diameters,
we found that multiple stenoses did not affect the
diagnostic accuracy of 3D power Doppler angiogra-
phy. For clinical multisegmental stenoses, the diag-
nostic performance of 3D power Doppler angiogra-
phy should not be affected by the presence of
stenoses at different arterial segments.
The flow areas measured by power Doppler were
generally larger than the true lumen areas (Fig. 6),
probably because of the finite sample volume of the
ultrasound system. When the sample volume is
located at the vessel boundary, with part within the
flow field and part outside of the flow field, the
region occupied by the sample volume is mapped as
a flow field on the power Doppler image, enlarging
the apparent flow lumen. However, the Doppler
power from this sample volume is lower than the
one from a sample volume within the lumen because
of a lower number of scattering particles and the wall
filter effect. In Fig. 7, we plotted the backscattered
Doppler power across the diameter of the imaged
lumen. A clear power transition at the edge of the
flow boundary can be seen. The selection of the
threshold used to separate the flow field from the
background can affect the estimation of the flow
area, as in digital subtraction angiography.
One design requirement of a lower limb arterial
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Fig. 6. The cross-sectional flow area is plotted against the
length of the 80% area reduction stenotic wall-less lumen.
The areas are means averaged from five 3D power Doppler
angiograms generated with the use of pulsatile flow with
flow rates of 5, 7.5 10, 12.5, and 15 ml/sec. The bottom,
solid curve corresponds to one standard deviation of the
means. The true cross-sectional flow areas are shown as
the dashed curve. A, Without proximal and distal stenosis.
B, With a 70% proximal stenosis. C, With a 70% distal
stenosis. D, With proximal and distal stenoses of 70%.
A
B
C
D
imaging system is the necessity to image the entire
arterial tree. Linear probes such as the one used in
this study provide sufficient resolution, but the field
of view of the linear probe is normally small (<4 cm).
Our scanning system can be modified to scan in a
raster pattern to form a large field of view. Another
requirement of lower limb artery imaging system is
that the technique used must be sensitive to slow
flow, such that flow in reconstituted distal runoff
vessels and in aneurysmal vessel segments can be
thoroughly visualized. Originally designed to map
the slow flow, power Doppler angiography can meet
this requirement.
This in vitro study provides promising results for
quantifying lower limb arterial stenoses using 3D
power Doppler angiography. To extend this tech-
nique to clinical practice, further investigations are
required. As the results indicate, power Doppler
imaging is not sensitive to flow variation, but the
image disappears when the flow velocity is below the
cut-off velocity set by the clutter cancel wall filter.
For lower limb application, the power Doppler
image is pulsatile because there is significant reverse
flow in the arteries of the lower limb during diastole,
indicating that the flow velocity can sometimes go
below the cut-off velocity. Flow-gating image acqui-
sition should be used in clinical application. Studies
comparing 3D power Doppler angiography with 2D
power Doppler imaging and contrast angiography
for the quantification of multiple stenoses are need-
ed to validate 3D power Doppler angiography
before it can be used in clinical practice.
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